I N T RO D U C T I O N
According to the lamellar magnetism hypothesis (McEnroe et al. 2001a Harrison & Becker 2001; Robinson et al. 2002 Robinson et al. , 2004 composite Fe 2+ -Fe 3+ contact layers between ilmenite Ti layers and Fe 3+ haematite layers on opposite sides of an ilmenite lamella have parallel magnetic moments in the basal (0001) plane. These are weaker than the principal magnetic moments of Fe 3+ layers of haematite, but are antiferromagnetically coupled to them. So long as two ilmenite lamellae are magnetically in phase, there is an odd number of haematite layers between them, so that the magnetic moment of one haematite cation layer is non-self-cancelling, leading to a magnetic moment antiparallel to the moments of the contact layers. The combination of the magnetic moments of the two contact layers minus that of one haematite layer (2MC L − 1MH R or 2MC R − 1MH L ) leads to the unique ferrimagnetic structure of lamellar magnetism and a net moment of ∼4 μB per lamella. Crucial to the arguments in the present paper is that the magnetic moments of lamellar magnetism are parallel to the principal magnetic moments (sublattice magnetization directions) within the haematite Fe 3+ layers. A complete introduction to the subject of lamellar magnetism and lamellar magnetic materials is beyond the scope of this paper, and is covered at length in the papers cited above. McEnroe & Brown (2000) and McEnroe et al. (2001a McEnroe et al. ( ,b, 2002 McEnroe et al. ( , 2004b McEnroe et al. ( , 2005 highlighted the strong magnetic remanence and extreme coercivity of rocks rich in coarsely to finely exsolved members of the haematite-ilmenite series, and their contributions to unusual magnetic anomalies in the Adirondacks, New York, the southwest Swedish granulite region, and the South Rogaland anorthosite province in Norway, all regions cooled ∼1 Gyr ago. These oxides contained a combination of properties including strong natural remanent magnetization (NRM), and high coercivity with median destructive fields from 70 to >120 mT, that could not be explained by antiferromagnetic haematite nor by paramagnetic ilmenite alone. Thermal demagnetization occurs in the range 550
• -640
• C expected for Ti-bearing haematite, suggesting haematite is intimately linked to the magnetization. These authors suggested that the properties must somehow be explained by the exsolution itself, particularly since the properties were quite similar, whether the host was haematite or ilmenite. The samples were studied with highresolution transmission electron microscopy (TEM) and also analytical TEM, and exsolution lamellae were shown to go down to a thickness of about 1-2 nm (a unit cell of rhombohedral oxide is ∼1.4 nm) (McEnroe et al. 2001a (McEnroe et al. , 2005 Kasama et al. 2004) .
Atomic models of haematite-ilmenite interfaces have been developed by Harrison, using Monte Carlo simulations that take into account both electrostatic and magnetic interaction parameters (Harrison & Becker 2001; Robinson et al. 2002 Robinson et al. , 2004 Harrison 2006) . These simulations showed that the interfaces on the basal plane should be decorated with 'contact layers' one cation thick that are unlike any of the individual layers of haematite and ilmenite. There are two key features of the contact layers in the simulations:
(1) they are magnetically coupled by superexchange to the adjacent haematite Fe 3+ layers so that coercivity and thermal stability are similar to haematite and (2) the magnetic moments of the contact layers are less than the adjacent haematite layers, so they create opposite but unequal magnetic moments and a new kind of ferrimagnetism, which is essentially a kind of defect magnetization, that is not a property of a phase but a property of haematite coupled with its interfaces. Although the discovery of these contact layers was partly based on magnetic interactions, it was soon realized that contact layers can reduce charge imbalance across phase boundaries and may be applicable in general at mineral interfaces (Robinson et al. , 2004 (Robinson et al. , 2006 .
The discovery from the simulations initiated discussions about how to build larger models of lamellar magnetic material and how to understand the development of lamellar magnetic material through application of the haematite-ilmenite phase diagram, including effects of pressure and additional components on the phase diagram. The phase diagram, still in a state of flux (McEnroe et al. 2004a , Harrison 2006 , indicates that lamellar magnetism forms when there is phase separation of canted-antiferromagnetic haematite (CAF) from paramagnetic ilmenite (R3). Such separation and the coexistence of these two phases can only occur at a temperature below 525
• C and the resulting magnetization is considered a chemical remanent magnetization because it is produced by the chemical reaction of exsolution. Once exsolution has taken place, thermal de- magnetization experiments indicate stability to temperatures commonly above 580
• C, so long as the lamellar structure and composition are not destroyed. Because the magnetization is inherent in the phase interfaces, it is increased with greater density and decreased size of exsolution. It is also critically dependent on whether the lamellae are magnetically in-or out-of-phase, which can be improved where the (0001) planes are oriented parallel to the magnetizing field during exsolution (Robinson et al. 2004) . For this reason, it appears that lamellar magnetic materials with a strong lattice-preferred orientation, also favourably oriented with respect to the magnetizing field, may develop a particularly strong lamellar magnetism (McEnroe et al. 2004b) . 'Lamellar magnetism' is still a hypothesis, but one actively being tested. So far, there is no possibility to image the contact layers that are only 0.23 nm thick. This paper is the first attempt at a test based on geometrical relationships between haemo-ilmenite single crystals and their magnetic properties.
Within pure haematite, the weak magnetic moment is 'spincanted' in the basal plane. Since postulated by Dzialoshinskii (1958) , the spin-canted moment is thought to be due to a very small misalignment from perfect antiparallelism of the principal magnetic moments in the basal plane (Fig. 1) . Using a saturated magnetization of 2100 A m −1 reduced to 0.01139 μB per formula unit, and using sublattice magnetizations of 5 μB for the Fe 3+ in each octahedral layer, the deviation of the sublattice magnetizations from being perfectly antiparallel calculates to 2 × 0.06529 Fig. 1 , see also Morrish 1994, table 4.4) . The spin-canted magnetization of haematite thus must be perpendicular to the average of the principal magnetic moments in the basal plane of the haematite layers. End-member haematite undergoes a Morin transition at 263 K, where the sublattice magnetizations move from parallel to the basal plane to perfectly parallel to the c axis, at which point spincanted magnetization disappears. Some samples still retain a very weak magnetization, which has commonly been described as a 'defect moment' caused by unidentified chemical or structural defects in the lattice. Because this defect moment may add something to the saturated magnetization, M s , above the Morin transition as well as Geometrical relationships within the (0001) basal plane of model lamellar magnetic ilmeno-haematite used to calculate the spin-canted moment of lamellar magnetism from the sum of up (U) and down (D) moments of haematite layers as well as in-phase and out-of-phase contact layers of ilmenite exsolution lamellae. The models assume the same spin-canted angle Q for individual layers as for haematite. t is the net moment per formula unit (M pfu) for lamellar oxide, and R is the resultant angle of spin-canted lamellar magnetism (see Table 1 ). Table 1 . Calculated angles and moments of spin-canted lamellar magnetism. Calculations are based on lamellar models XIIA-XIID of Robinson et al. (2004) and the angular relationships in Fig. 2 . Note that R is close to zero for high proportions of in-phase lamellae, and only reaches large angles when lamellar magnetism is very weak. In the case of natural material containing both spin-canted haematite and lamellar magnetism, we expect the natural magnetization to be neither parallel nor perpendicular to the principal magnetic moments of the haematite layers, but at an oblique angle representing a vector sum of the two components. The theory of such combinations has been tested using Fig. 2 and illustrated here in Table 1 . Where the lamellar magnetism is relatively strong and especially where the host is ilmenite, the vector sum is nearly parallel to the principal moments, and only deviates substantially when the strength of the lamellar magnetism is weak.
Model
In addition to these considerations, what follows is heavily dependent on a determination made by Besser et al. (1967 , see also Morrish 1994 on pure haematite. Using magneticresonance spectra, they were able to show that the principal magnetic moments of the sublattices in haematite are parallel (+ or −) to one of the three crystallographic a axes (a1, a2, a3), and that the spin-canted magnetic moment in haematite is perpendicular to one of the three crystallographic a axes (Fig. 3 ). These observations led us to conclude that, if we could show that the magnetic moment of single-crystal rhombohedral oxide magnetic material was parallel or nearly parallel to a crystallographic a axis, this would strongly support lamellar magnetism, whereas if the moment were 90 degrees from a crystallographic a axis, then an explanation involving the spin-canted magnetization of haematite would have to be considered. fig. 2 .5, using the data of Besser et al. (1967) .
H A E M O -I L M E N I T E S A M P L E

Sample description
The coarse haemo-ilmenite sample was obtained in the main prospect pit of the Pramsknuten haemo-ilmenite dikes, a historic prospect located within the Halland-Helleren massif anorthosite, approximately 1 km southeast of Kydland Farm in the Egersund 1/50 000 map sheet (Krause et al. 1985; Duchesne 1999; Duchesne & Schiellerup 2001) . In hand specimen and on sawed surfaces (Fig. 4 ) the crystals range up to 2 cm in diameter and occur in an equigranular polyhedral texture. Shiny linear traces on the sawed surfaces (see especially Chips 4 and 5) appear to be due to fracturing along haematite exsolution lamellae and are consistent with the dominant lattice orientation of ilmenite as determined by electron backscatter diffraction (EBSD). Despite the isolated occurrences of trace magnetite in the Pramsknutten haemo-ilmenite, this sample was the only one available with the necessary coarse crystal size for this study.
A bulk XRF analysis from the prospect is given by Duchesne (1999) and listed in Table 2 , along with our representative electron probe analyses of ilmenite host and coarse haematite exsolution lamellae. Analytical results are plotted in Fig. 5 along with published results from the finer-grained Frøytlog deposit studied in detail in an earlier paper .
Sample preparation
Two slices were sawed approximately normal to the horizontal top surface of the sample. A total of six chips were cut from two slices, and the top edge of each chip (see Fig. 4 ) was exactly parallel to the horizontal top edge of the sample, and served as the orientation key for all EBSD chips. All equal area plots of EBSD, NRM and AMS results are directly indexed to the plane of these chips with horizontal at the top, north to the right, south to the left and dipping 86
• west. For the magnetic measurements fronts of all polished chips were scratched with a diamond scriber, making horizontal lines in the selected crystal areas parallel to the top edge of each chip, with an arrow to indicate the down direction. Crystals were extracted by cutting approximately square prisms, ∼6-8 mm on a side and 9.2-12.6 mm tall, with a thin diamond saw. Only 17 out of an original 22 crystals could be extracted due to crowding, and some of these were of lower quality than ones lost in crowded locations. Crystals were weighed on an analytical balance, and were mounted in oriented position inside transparent 2 cm cubic plastic boxes for insertion into the magnetometers. Horizontal scratches on the samples were aligned parallel to horizontal plastic arrows on each box. Position of each prism along the central axis of each box was maintained by packing with cut sections of transparent plastic tubing.
R E S U LT S
Electron microprobe and scanning electron microscope
Compositional data were collected on a Cameca SX-50 electron microprobe at the Bayerisches Geoinstitut set at an accelerating potential of 20 keV, a beam current of 15 nA, and a typical beam diameter of 1 μm. Counting times of 30 s per element were used. Corrections for differential matrix effects were done using the Cameca online PAP correction routine. Analytical precision is estimated at ±0.1 weight per cent for oxide components present at the 1 weight Like other ilmenite-haematite pairs (Robinson et al. 2001) , there is a very strong fractionation of Mg into the ilmenite, a strong fractionation of V into the haematite, and an even stronger fractionation of Cr into the haematite, which here contains 1.6 per cent of the eskolaite end member. This compares with an extrapolated value of 0.6 per cent eskolaite in haematite exsolution for the most primitive haemo-ilmenite composition we have measured in the Tellnes Deposit (McEnroe et al. 2001b; Robinson et al. 2001) . The Al 2 O 3 shown by the bulk analysis is poorly reflected in the probe analyses, suggesting small inclusions, probably of spinel, in the bulk-analysed material (Duchesne & Schiellerup 2001, p. 74) . The 25 per cent of R 2+ TiO 3 component in the haematite represents a composition achieved in early exsolution of R3c haematite from R3 ilmenite at a temperature above the eutectoid reaction R3c PM haematite = CAF haematite + R3 PM ilmenite that permits the development of lamellar magnetism Robinson et al. 2002 Robinson et al. , 2004 . The eutectoid temperature in the pure FeTiO 3 -Fe 2 O 3 system has been variously estimated at 390
• C and 520 McEnroe et al. 2004a McEnroe et al. , 2005 .
Despite prior petrologic reports to the contrary (Duchesne 1999) , magnetic properties, particularly susceptibility and demagnetization, suggested the presence of very small amounts of magnetite in some crystals that may distort the geometrical relationships. Work in reflected light and qualitative scanning electron microscope (SEM-EDS) analyses on part of Chip 4 confirmed three types of minor magnetite occurrences (1) as small blades associated with haematite lamellae in fresh haemo-ilmenite, (2) as part of minor secondary alteration zones associated with fractures where ilmenite-haematite had reacted at low temperature to magnetite-rutile-Mg silicate and (3) as blebs exsolved from primary aluminous spinel blebs. SEM showed several discrete grains of the rare oxide srilankite, ZrTi 2 O 6 , the second occurrence recorded in Norway (Bingen et al. 2001) . The dispersed blades of magnetite (1 above) may be a response to a cooling reaction by which scarce baddeleyite (ZrO 2 ) and intermediate haematite-ilmenite solid solution reacted to form srilankite + magnetite. However, baddeleyite also occurs in direct contact with ilmenite.
Detailed transmitted-light examination of the small isolated patches not consisting of opaque oxides showed apparently fresh spinel and baddeleyite, cloudy srilankite, and a very fine-grained mesh of variegated chlorite and serpentine minerals replacing all the expected silicates. This suggestion of a retrograde metamorphism could be coupled with the formation of fine magnetite and consistent with the position of the locality some 35 km southeast of the Silurian-Devonian Caledonide Front as compared to 50 km or more for occurrences with fresh silicates we have studied previously. It is also consistent with demagnetization studies of oriented bulk samples from the same location, and may be an indication of how extremely stable the haemo-ilmenite is in preserving the original Mesoproterozoic magnetization.
Electron backscatter diffraction
The principal of electron backscattering diffraction (EBSD) in the SEM has been known for over 50 yr (Alam et al. 1954 ), but only recently has become a widespread technique for the measurement of crystal orientations in bulk samples (e.g. Adams et al. 1993 ). The method is based on the fact that backscattered electrons undergo multiple scattering inside the sample and form a diffraction pattern consisting of lines and bands equivalent to the well known Kikuchi diffraction patterns in TEM. If the electron beam in the SEM is focussed on a single crystal underneath the sample surface, its diffraction pattern can be recorded and indexed if the crystal structure is known. The generation of the diffraction pattern is Quality of fit between front and back polished surfaces based on visual inspection of plotted results. Accuracy of measurement is probably better than ±2 • . T = top, no difference between front and back measurements; I = intermediate, some measurable difference between front and back measurements which are listed separately beneath; P = poor, striking difference between front and back measurements; VP = very poor, very large difference between front and back measurements.
almost instantaneous, and one pattern is sufficient to determine the complete crystallographic orientation. Recent uses of EBSD involving oxide minerals include the study by Bascou et al. (2002) on the relation between bulk titanohaematite lattice-preferred orientation and anisotropy of magnetic susceptibility in mylonites, and by Feinberg et al. (2004) on the relationships between lattice orientations of magnetite exsolution lamellae and their clinopyroxene hosts.
Here we used it to determine the locations and the exact orientations of crystallographic a and c axes of relatively coarse haemo-ilmenite crystals as the first step to investigate their magnetic properties. The electron backscattering pattern (EBSP) is formed in a very thin surface layer (<1 μm), and for this reason it is strongly affected by standard polishing techniques, which introduce damage to the crystalline lattice in the polished surface. To assure that the EBSD is reflecting the natural crystallographic orientation in the samples, the damaged layer was removed by additional polishing with a highpH silica solution (40 nm particle size) for several hours (SYTON polish, Fynn 1979) . Finally the sample surface was coated with a few nanometers of carbon to reduce charging in the SEM.
The SEM used in this study was a Leo Gemini 1530 with a Schottky emitter as electron source. Conditions for producing EBSPs from the ilmenite crystals were 20 keV acceleration voltage and a beam current of about 4nA (120 μm aperture) at a working distance of 18 mm. For the recording and indexing of the EBSP's the system CHANNEL of HKLTechnology was used.
An EBSP is generated from a rather small crystal volume of about 1 μm 3 or less, which is quite small compared to the size of the investigated crystals. Therefore, the method provides no information about the orientation spread between the upper and lower surfaces of the chips. However, although it is possible to probe the orientation changes within individual crystals in the sample surface by moving the beam, we found that the orientation remained generally rather constant (<1
• orientation difference). Table 3 lists the declinations and inclinations of the crystallographic c, a1, a2, and a3 axes for the 17 crystals. Accuracy of the measurement is ±2
• . In labelling the a axes, a1 was chosen arbitrarily as the first axis encountered in moving clockwise around the basal plane in the lower hemisphere from its intersection with the reference circle. a2 and a3 are then encountered in continuing clockwise on the basal plane and either one or two of these occur in the upper hemisphere noted by a negative inclination. Each crystal in Table 3 is marked by a letter T, I, P or VP (see footnote in Table 3 ) indicating the quality of fit between front and back polished surfaces based on plotted results. Fig. 6 is an equal area diagram on which are plotted all of the measured crystallographic axes of the individual crystals, indexed to the reference plane. There are 26 plotted crystallographic c axes including eight from quality group T with identical front and back measurements, and 18 from quality groups I, P and VP with different front and back surface measurements. The c axes are nearly all in the northwest quadrant, indicating southeast-dipping (0001) basal planes with respect to the reference plane, and that the sample has quite a strong uniaxial lattice-preferred orientation (LPO). The crystallographic a axes within the basal planes show less obvious LPO, but there are some systematic groupings and the distribution is clearly non-random. 
Bulk magnetic susceptibility
Susceptibility measurements on the 17 haemo-ilmenite crystals were made inside their mounting boxes at ETH Zurich. Susceptibilities were calculated from geometric means of the AMS measurements and crystal weight. These results are listed by crystal in Table 4 along with crystal weight. Mass susceptibility values range from 1.91 to 9.84 × 10 −3 m 3 kg −1 , with a mean of 3.38 × 10 −3 m 3 kg −1 . Excluding the value for sample 6-10 VP, the range is much narrower at 1.91-5.15 × 10 −3 m 3 kg −1 with a mean of 2.97 × 10 −3 m 3 kg −1 , similar to other well studied haemo-ilmenite samples .
Natural remanent magnetization
The NRMs of crystals were first measured on a 3-axis, 2G cryogenic magnetometer (Model 755) at the University of Massachusetts (UMASS) and then in the Laboratory of Natural Magnetism (LNM) at the ETH-Zurich. The crystals were measured using a singleposition procedure at UMASS, and a three-and six-position procedure to check on the homogeneity of the magnetization at the LNM (Lowrie et al. 1980) . Selected crystals were remeasured with a 24-position procedure to check if sample shape may influence the remanence measurement. No systematic effect could be detected. All methods gave the same result within the circular standard deviation calculated from the six-measurement procedure (Table 5) . NRM intensities were generally between 0.5 and 4.7 per cent higher for the measurements made at UMASS.
Weight-normalized NRM ranges from 1.4 to 9.1 × 10 −3 Am 2 kg −1 , with a mean of 4.2 × 10 −3 Am 2 kg −1 and a rather even distribution except near the top of the range. However 1 Mass susceptibility of each crystal given is the geometric mean of the mass susceptibilities k1, k2, k3 listed in Table 7 . 2 First letter following crystal number is a subjective estimate of quality based on similarity of EBSD results front and back of polished chip (see notes for Table 3 : T = top, I = intermediate, P = poor, VP = very poor. Second letter (A-D) is an overall geometrical classification of the grain based on angular relationships between the NRM and crystallographic axes as listed in Table 6 . Letter following crystal number is a subjective estimate of quality based on similarity of EBSD results front and back of polished chip (see notes for Table 3 ): T = top, I = intermediate, P = poor, VP = very poor.
the top four NRM values, 6.3 to 9.1 × 10 −3 Am 2 kg −1 all come from crystals taken from Chip 1, which have special orientations of the NRM (Fig. 7) . The peculiar aspect of these crystals is shown in an alternating field demagnetization experiment on Crystal 1-4, discussed briefly below, and in detail in a later paper. Aside from these, the range is 1.4 to 4.2 × 10 −3 Am 2 kg −1 . The dominant NRM direction is southeasterly in terms of the reference plane, with inclinations 8
• -40
• from crystals taken from chips 3-6, which come from slice 2 (Fig. 4) and chip 2 from slice 1. Crystals from chip 1, which is from slice 1, had south-southwesterly or northeasterly declinations and flat inclinations (Fig. 7) . Crystals 2-4VP and 6-10VP deviate from the other crystals. Fig. 8 illustrates in equal area diagrams for each crystal, the angular relationships between crystallographic a and c axes measured by EBSD, and NRM vectors. These are re-classified as A, B, C and D, according to the relationship between the magnetic parameters and the crystallographic axes (Table 6 ). The NRM from samples in Class A lies in basal plane of the haemo-ilmenite crystal and its direction is within 10
• of an a axis (Table 6 ). In Class B the NRM lies in basal plane but its direction is only within 20
• from an a axis. In Class C the NRM lies in or near the basal plane but the remanence direction is 20
• -35
• from an a axis, thus coming closest to the angle of 30
• indicated for spin-canted magnetization of haematite. In the final Class D, the NRM lies 15
• or more from the basal plane and 30
• or more from an a axis. Some crystals rated T from EBSD data, do not show very rational combined correlations and fall in Class D, whereas others rated I or P from EBSD are in Class A with very good correlations. All this angle data and the four classes of crystals are shown together in Fig. 9 .
A question that inevitably arises is the extent to which the NRM is influenced by the very small amount of magnetite in some samples. Some samples, for example 1-4, suspected to contain magnetite, were AF demagnetized and showed removal of a soft component by 10 mT, that we think is carried by magnetite. By 10 mT the vector had Table 5. rotated from the southwest quadrant of Fig. 7 into the predominant grouping of other NRM vectors in the southeast quadrant where it remained through 170 mT, the highest field that was applied.
Anisotropy of magnetic susceptibility
The AMS is the directional variability of the magnetic susceptibility (ki). Mathematically it is described as a symmetric tensor of second rank, and is represented geometrically as an ellipsoid with three principal axes, k1 ≥ k2 ≥ k3. The low-field magnetic anisotropy was measured on an AGICO KLY2 susceptibility bridge, which applies a field of 300 A m −1 . 15 independent measurements are made to determine the susceptibility magnitude ellipsoid (Jelinek 1978) . Hrouda (2002) pointed out that the low-field susceptibility of haematite as measured on the KLY-2 may not be within the range of the Rayleigh law. However, although magnitudes of the principal axes may be overestimated, the ellipsoid shape and orientation of the principal axes can be precisely determined. Results are listed in Table 7 . Orientations of the k3 axes are plotted in Fig. 8 , and angular relationships between crystallographic c axes and NRM vectors, and the k3 axes are listed for each crystal in Table 8 .
A question that arises in consideration of AMS results, is the extent of influence on results from the shape of the sample prisms. As seen in Fig. 8 and Table 8 , the low-field AMS generally lies near to the crystallographic c axis of the haemo-ilmenites as determined from EBSD. Thus, any shape effect is not strong enough to overcome the dominating AMS of this rhombohedral oxide, with minimum susceptibility approximately in the c-axis direction. The orientations of k3 ellipsoid axes can be compared with the collective crystallographic orientations determined by EBSD (Fig. 8) . Not surprisingly, the overall correlation between k3 and c-axis orientations is strong, also between NRM directions and the k1 − k2 basal plane. The k3 axis of the AMS ellipsoid is generally within 10
• of the c-crystallographic axes (Table 8) . Exceptions include sample 1-15 in Class B, and 2-1 and 6-18 in Class D. Correlations within the basal plane between a-axis orientations, NRM orientations, and k2 and k1 axis orientations are more diverse and more complex, and are the subject of a later paper.
D I S C U S S I O N
As stated above, EBSD only measures the crystallographic orientation at the surface, whereas the AMS is a bulk property of the sample. Several crystals that showed a poor agreement between the orientation of the c axis from the front and the back, show that the k3 axis is in good agreement with one of the orientations. Therefore, in these cases, we assume that bulk of the crystal is controlled by the one orientation (Tables 5 and 8) , and angular measurements from the part of the crystal that agrees less with the AMS are marked by italics in Table 6 .
Standard relationships of AMS ellipsoids of haematite and the fact that the NRM is considered ideally to lie in the k1 − k2 plane, mean that ideally the angle between the k3 axis and the NRM should be 90
• . Thus, ideally these results should be more representative of the material as a whole, except to the extent that the AMS or the NRM orientations are biased by sample shape. Table 8 lists the angle between the NRM and k3 axes of the AMS ellipsoid, which should be 90
• in the ideal case. The k3 axis for 14 of the 17 crystals is 80
• or more from the NRM direction. Thus, taking into account the measurement error of the NRM direction and error in the fit of the AMS ellipsoid, 14 of the 17 crystals fulfil this observation. One of the crystals that does not fulfil this criterion is 6-10 VP. This is the smallest of the crystals with by far the highest susceptibility, which convinces us that it contains magnetite. All the crystals from Chip 1 are peculiar in showing an NRM in the southwest or northeast quadrant. Based on the alternating field demagnetization experiment on 1-4 I, the unusual NRM orientations in the Chip 1 crystals very likely relate to minor magnetite.
The five crystals in Class A illustrated in Fig. 8 (a-e) are nearly ideal in most respects. Not only does the direction of the NRM plot very close to the basal (0001) plane, with maximum deviation of 6.1
• , but it plots very close to a crystallographic a axis within the basal plane, with a maximum deviation of 8.9
• (Fig. 9 ). This is true even for crystal 6-17 P, where the front and back EBSD basal plane orientations are quite different. The NRM directions are also at least 82
• away from the k3 axes (Table 8) . These five crys- tals fulfil all of the theoretical characteristics expected for lamellar magnetism.
The five crystals in Class B, illustrated in Figs 8(f-j) and 9, are slightly less ideal than those in Class A. If we rule out the part of the crystals, where the c axis disagrees more with the k3 axis of the AMS (Table 5) , then in all five the NRM plots very close to the basal (0001) plane, with maximum deviation of 6.1
• . However, the NRMs do not plot so close to a crystallographic a axis within the basal plane, but at angles ranging from 10.9
• to 19.7
• . In all, the Table 6 ). The plot shows a concentration approaching NRM ∧ (0001) = 0 • and NRM ∧ a = 0 • , and a lack of concentration at NRM ∧ (0001) = 0 and NRM ∧ a = 30 • .
NRM direction is 80
• or more away from the k3 axis (Table 8) . These five crystals fulfil the theoretical characteristics for lamellar magnetism slightly less successfully, nevertheless none reaches the theoretical value of 30
• in the basal plane to be expected for spincanted magnetism of haematite. Possibly these results reflect the spin-canted aspect of moderate to weak lamellar magnetism.
The three crystals of Class C in Figs 8(k-m) and 9 have an NRM direction that is within 11.4
• of the basal plane and 22.5 to 32.5
• from a crystallographic a axis (Table 6 ). These three crystals can be taken to support a spin-canted magnetization, though the clustering around the ideal direction in Fig. 9 is far weaker than is the clustering for Class A. The NRM is more than 82
• away from the k3 axes for samples 1-4 and 2-4 (Table 8 ), but 73.8
• away in sample 5-5. The NRM directions from the four crystals in Class D shown in Figs 8(n-q) and 9 deviate more than 15
• from the basal plane of the haemo-ilmenite (Table 6 ). The angle between the NRM direction and k3, however, is very high in 2-1, and 6-18, but low in crystals 1-14 and 6-10 (Table 8 ). In crystal 6-10 VP, the NRM lies at a steep angle in the upper hemisphere far away from the basal plane or any a axis.
C O N C L U S I O N S
The coincidence of the NRM orientation with a crystallographic a axis in the basal plane in many of the rhombohedral haemo-ilmenite crystals investigated here, is in agreement with the theory of lamellar magnetism. This theory indicates that the principal magnetic moment of lamellar magnetism should be parallel to the direction of principal magnetic moments (sublattice magnetizations) in the oxide layers. Earlier studies of Besser et al. (1967) show that such principal magnetic moments in the rhombohedral oxide haematite are oriented parallel to a crystallographic a axis in the basal (0001) plane. By contrast the NRM orientations are generally inconsistent with spin-canted magnetism of haematite in which the spin-canted moments, according to Besser et al. (1967) , would be normal to a crystallographic a axis in the basal (0001) plane or 30 degrees from an adjacent crystallographic a axis. In some of the haemoilmenite crystals, the NRM is not aligned with a crystallographic a axis, with angles that deviate up to 20 degrees. These may be examples of spin-canted lamellar magnetism, in which the NRM orientation is produced by relatively weak, considerably 'out-of-phase' lamellar magnetism. The latter may be conceived as a compromise vector sum of lamellar magnetism plus a contribution from spincanted haematite. The conformity of NRM orientations to relationships predicted for the rhombohedral oxides in most crystals, shows that they dominate the magnetism, in spite of the minor amount of magnetite observed microscopically, predicted from susceptibilities, and demonstrated by demagnetization experiments to be reported in detail elsewhere. When the anisotropy of magnetic susceptibility was applied to these crystals, most showed a very small angle between the crystallographic c axis and the k3 axis of susceptibility, generally consistent with the known strong anisotropy of haematite and ilmenite. Furthermore, many showed an NRM at close to 90 degrees from the k3 axis of the AMS, again confirming the location of the NRM in the k1-k2 basal plane. In addition, most crystals showed a pronounced basal plane anisotropy of the AMS, which is the subject of another paper. Experiments involving further investigation of the AMS, torque, alternating-field demagnetization, atomic-force microscopy and neutron scattering are in progress to learn more about the behaviour of these crystals. 
A C K N O W L E D G M E N T S
